Raman spectroscopy results obtained for undoped and Al-and/or Mn-doped ZnO thin films produced by RF-sputtering are reported. The effect of the doping method (either co-sputtering or ion implantation), the dopant type and its concentration on the Ramanactive vibrational modes in these films were studied in detail. The results are discussed with focus on the peak shifts and broadening, and on the doping-induced relaxation of the symmetry selection rules. A particular attention is paid to the 520-530 cm -1 Raman band observed in all Mn containing samples and a simple theoretical model and arguments are presented in support of its relation to the local (gap) phonon mode produced by Mn atoms substituting Zn in the cationic sublattice of the ZnO crystal.
Introduction
Transparent conducting oxides (TCOs) have long been the subject of numerous studies due to their unique physical properties and device applications [1] [2] [3] . Zinc oxide (ZnO) is a particularly interesting TCO example. Pure ZnO is a natural n-type semiconductor because of the presence of intrinsic oxygen vacancies and/or interstitial zinc atoms [4] .
Its electrical properties can be improved by doping with IIIA-group elements, like Al, achieving lower resistivity values [5] although keeping its desired optical properties, namely the transparency. On the other hand, dilute magnetic semiconductors (DMS) have also recently attracted much attention for their promising functionalities in spintronics due to their properties involving electron spin. To take advantage of both charge and spin of electrons in semiconductors, magnetic elements can be introduced in the nonmagnetic III-V semiconductors currently used in optoelectronic devices [6] .
However, incorporation of these magnetic elements for obtaining robust spin polarization in existing semiconductors is not a straightforward technology because 2 there are still some technical issues to be overcome [7] , even though this possibility is still promising. Particular attention has been devoted to ZnO-based DMS materials that had been predicted to be ferromagnetic at room temperature [8] [9] [10] . Nevertheless, experimentally they were found to have lower magnetic ordering temperatures [11, 12] or no ferromagnetism at all, at least above 4K [13, 14] , even though communications of room-temperature ferromagnetic behavior of ZnO:Mn with a high Curie temperature appear in the literature from time to time [15] . It has been suggested that surface and grain boundaries may be more important for the magnetic properties of DMS than doping with magnetic ions itself [16] . These controversial results imply that magnetism, as well as the conductivity, is very sensitive to the morphology and structure of the samples and the way the impurities are incorporated into the crystal lattice. Of course, all these issues are related to the method of preparation of the material.
In this study, the doping elements are Al (donor impurity) and Mn (magnetic impurity) and they have been incorporated in the ZnO lattice by either co-sputtering or ion implantation. The work is focused on the modification of the vibrational modes of ZnO lattice caused by the doping with Al and Mn in different concentrations and performed by different methods. A better understanding of the electronic and lattice properties of doped ZnO layers, in particular of how these properties depend on the way the dopant is incorporated into the ZnO lattice, is a fundamental requirement to improve the quality and performance of the devices. As expected, films doped with Al become conductive.
As shown in Table 1 , the conductivity is even preserved for RF sputtered ZnO:Al a posteriori implanted with Mn ions.
All samples were studied by Raman spectroscopy, the principal experimental technique in this work. The results are correlated with the doping method and the impurity concentration analyzing their effect on the characteristic vibrational modes of these materials. Non-resonant excitation with the energy of incident photons below the band gap energy of ZnO (E g = 3.37 eV) was chosen because resonant Raman spectra are dominated by the LO-phonon line and its replicas, which are strongly enhanced by the Fröhlich interaction with real (not virtual) electron-hole pairs [17] . In contrast, Raman lines due to local impurity modes and non-polar vibrations, the ones important in this study, are not enhanced in the same way under interband resonance conditions. An extended discussion of the nature of a Raman band located at 520-530 cm -1 and observed in all Mn containing samples, as strong as the principal ZnO phonon features under non-resonant conditions, is presented.
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Growth and characterization details
ZnO thin films were grown on glass substrates in an Alcatel SCM 650 sputtering system, within a mixture of O 2 and Ar gases, at a constant working pressure (10 -3 mbar).
The target consisted of a hyper-pure (99.99%) metal zinc wafer spaced 60 mm away from the substrates. Radio frequency (13.56 MHz) reactive sputter deposition was carried out after the chamber had reached a base pressure near 10 -6 mbar. The deposition rate was approximately 2 nm/min and the grown layers had a sub-micrometer thickness (see Table 1 ). For the ion implantation energy used, the implantation profile is centered at about 50 nm from the sample surface as revealed by ion beam analysis and determined by SRIM [18] , much lower than the sample thickness. In order to verify if the pos-annealing treatment carried out was efficient to spread the Mn ions into the ZnO thin film, a gradual etching of the sample surface, with diluted hydrochloric acid (3% HCl in deionized water at room temperature), has been done. After removing at least 350 nm the presence of the Mn ions is still observed by Raman spectroscopy. This means that
Mn ions diffuse over a much larger distance than that corresponding to the effective implantation depth.
The composition of the films was determined by TOF-ERDA (time-of-flight elastic recoil detection analysis). These measurements were done at the Ruđer Bošković Institute in Zagreb using 25.5 MeV iodine ions. The beam current during the measurement was ~ 3 nA. Detector was placed at 37.5° and the angle between beam and sample surface during the measurements was 20°.
The electric resistivity was measured at room temperature in a standard dc system using the Van der Pauw technique. The thickness and optical parameters of the films were determined by optical transmittance measurements in the UV-vis-NIR range (300 -4 2500 nm), using a Shimadzu UV-3101-PC spectrophotometer. The micro-structure of the films was analyzed by means of X-ray diffraction and micro-Raman scattering. Xray experiments were performed at room temperature in a Philips PW 1710 diffractometer using Cu-K  radiation, in a Bragg-Bretano geometry, in the range 10º < 2< 80º. Room temperature micro-Raman spectra were measured on a Jobin-Yvon T64000 spectrometer equipped with a liquid nitrogen cooled CCD detector, in a frequency range of 200-780 cm −1 , using the 514.5 nm excitation line of an Ar + laser, with an incident power of 4 mW in a 1 m spot and backscattering geometry.
Experimental results and discussion
-General characterization and structure
All the ZnO thin films produced, undoped and doped, are highly transparent and polycrystalline. Fitting the transmission spectra, by using the Minkov method [19] and a classical Lorentz function for the dispersion of the ZnO dielectric function, the thickness and the optical parameters of the films were obtained. A typical transmission spectrum and the corresponding fit are shown in figure 1(a). According to X-ray diffraction results, the micro-crystallites have a wurtzite structure and show a strongly preferential orientation with the c-axis perpendicular to the substrate surface, independent of the doping method and concentration. Figure 1(b) shows typical X-ray diffractograms in the region of the (002) peak for two ZnO:Mn implanted samples. In the inset, the impact of the Mn doping on the ZnO lattice is
shown by the dependence of the c-parameter on Mn content. We assume that hydrostatic strain in our films is relaxed because they are polycrystalline. The observed decrease of average domain size (D) was calculated analyzing the (002) peak, according the Scherer procedure described in the literature [22] and the results are presented in Table 1 . The contents of Al or/and Mn, obtained by TOF-ERDA are also given in Table 1 .
-Electrical properties
The electrical resistivity (of the films was measured using the Van der Pauw method and the results are presented in Table1 These results seem to indicate that, if Al ions are previously incorporated in the ZnO crystal lattice, mainly occupying Zn sites and acting as shallow donors [23] , the subsequent implantation of Mn ions does not strongly modify the lattice and so the films remain conductive. In contrast, the co-sputtered samples are highly resistive (more than five orders of magnitude higher!) which seems to indicate that, when both ions are simultaneously incorporated, Al ions are not able to replace properly Zn atoms in the lattice.This huge difference in the conductivity of these two sets of ZnO:Al:Mn samples, is too large to be attributed just to a decrease in the electron mobility due to additional lattice defects.
Raman spectroscopy
-Undoped ZnO
The wurtzite-type lattice structure of ZnO implies a basic unit of four atoms (n = 4) in Fröhlich mechanism is forbidden by the formal selection rules summarized above, which correspond to phonons with exactly zero momentum ( ⃗ = 0) [26] . However, when the excitation approaches the band gap energy, a strong LO resonance is observed which is mainly driven by the Fröhlich interaction of free excitons and phonons close to (but not exactly at) the -point, while the less pronounced TO resonance is due to interaction with continuum electron-hole states via the optical deformation potential (ODP) [27] .
For polycrystals, the Raman mode frequencies may depend on growth conditions affecting the sample crystalline quality, orientation and size of the crystallites. They are typically located around the following values: [27, 30] and has been observed for both single crystal and polycrystalline samples in various configurations [26] [27] [28] [29] [30] [31] . The low intensity of the allowed A 1 (LO) has also been reported and attributed to the "destructive interference" between the Fröhlich and ODP mechanisms (i.e. a partial cancellation of the matrix elements corresponding to these two mechanisms of electron-phonon coupling) [32, 33] . shown before for similar samples [17] . Here, far from interband resonance, it can be enhanced by the presence of defects [33, 34] . In the impurity-induced process, the momentum conservation is relaxed and phonons with q vectors away from the  point can participate in the Raman scattering.
The larger vectors greatly enhance the Fröhlich contribution, which is known as
Gogolin-Rashba mechanism [34] . The enhancing of the Fröhlich mechanism of Raman scattering, can also be associated to phonon confinement in nanocrystalline grains as 9 reported for quantum dots (QDs) [35] , however, this effect is unlikely to be important in these samples, since most of the grains are considerably larger than typical QDs.
As shown in Fig. 2-b necessary to fit the spectrum. These contributions have been observed before (see Table 2 ) but their assignment is not unanimous. 
-ZnO:Al samples
Raman spectra of two ZnO:Al ( 0.5 at.%) samples, one doped by co-sputtering, ZnO:Al(sp), and the other by implantation, ZnO:Al(imp), are shown in Figure 3 . The spectrum of the ZnO(sp) sample is also shown for comparison. As expected, the inclusion of a dopant, independently of the doping method used, deteriorates the ZnO crystalline lattice as seen in Figure 3 by the strong reduction observed in the intensity of the E 2 high mode. We observe no new spectral features that could be associated with Al atoms, in agreement with a previous report on Raman scattering in this material [36] .
The relevant ZnO Raman features remain for both types of doping and the peak position of the 438cm -1 non-polar mode (E 2 high ) keeps constant giving the indication of absence of strain in the ZnO lattice at least for this amount of Al. However the intensity ratio between this mode and the polar longitudinal modes in the region 560-590 cm -1 decrease in both samples, more in implanted one than in co-sputtered. Also the 330 cm -1 multi-phonon mode, present in the non-doped samples, is not observed in the doped samples.
It is observed that, in the LO phonon range, the already characterized bands become broader and peaks positions are slightly changed. The fitting results indicate a red shift for the Al-implanted sample and a small blue shift for the sputtered one, as compared to the undoped ZnO sample. Even when Al content increases to 1 at.%, the blue shift is identical. Therefore, this effect cannot be attributed to LO phonon coupling to plasmons in heavily n-type doped samples as observed for some other materials [30] , probably because the plasmons are overdamped. Moreover, we cannot attribute these small shifts to strain because there is no such effect for the E 2 high mode as discussed above. Most likely the influence of the Al doping on the polar phonon modes occurs through the electronic system but further investigation is necessary. Finally, a decrease in the ratio E 2 high /LO, associated with an increase in the full width at half-maximum (FWHM) of the 438 cm -1 mode is seen, revealing the decrease in crystalline quality (spectrum not shown). The effect of Mn doping on the Raman spectra of ZnO has been widely discussed in the literature [37] [38] [39] [40] [41] [42] [43] [44] but the assignment of the new Mn-related features observed is neither unique nor consensual. Yet, some general conclusions can be drawn from these studies.
Figure 3. Raman spectra of ZnO thin films doped with Al (0.5 at.%) by co-sputtering and by ion implantation. The Raman spectrum of the pure ZnO thin film (black curve) is also shown for comparison.
-ZnO:Mn samples
First, the broad band at 520-530 cm -1 is specific of Mn doping and has not been observed for other impurities incorporated into ZnO, studied in these works, such as Ti [38] , Co [40, 41] , Fe and Ni [42] . Secondly, there definitely is a direct correlation between the Mn content and the intensity of this band [39, 40, 43, 44] , also observed by us, even though it is not quite linear. Thirdly, this Mn-doping effect is universal with respect to the material preparation methods used. Indeed, it is observed in our ZnO films grown by sputtering and doped by either implantation or co-sputtering, and has also been reported for ZnO:Mn bulk crystals [38] and thin films produced using other growth methods, such as MOCVD [39] or ion implantation [40] .
Since Mn atoms are lighter than Zn atoms and certainly substitute the latter in the cationic sublattice of the ZnO crystal, at least partially [23] , the most natural explanation for the 520-530 cm -1 would be to associate it with a local vibrational mode (LVM) of these substitutional atoms. Indeed, it was suggested in Ref. [37] reporting the first (as far as we know) observation of this band and discussed as plausible by other authors [38, 39, 41, 43] . However, the lack of supporting computational results and some peculiarities in the experimental data related to this band, namely, the non-linear dependence of its intensity upon the Mn concentration and its "fine structure" consisting of two modes resolved in some of the studies [38, 40, 41] (particularly clear in the spectra of bulk ZnO:Mn crystals [38] ) caused some doubts among the researchers and speculations about possible alternative explanations.
Structural disorder introduced by the incorporation of manganese can activate the silent modes of ZnO. Using ab initio calculations, Serrano et al. [29] predicted that the B 1 low and the B 1 high silent modes of wurtzite ZnO occur at 261 and 552 cm -1 , respectively, so the contribution in the region of 520-530 cm -1 eventually could be attributed to a disorder activated 2B 1 low mode, as suggested by the authors of Ref. [40] for one of the additional spectral features introduced by the Mn doping (while the other one, at 520 cm -1 still could be related to a local vibration mode. The possibility that manganese oxides can be responsible for some Raman peaks has also been considered in the literature [44] . In Figures 4(b) and 4(c) it is possible to observe a decrease in the intensity of the E 2 high mode with respect to the modes in the 500-600 cm -1 range as the Mn dose increases, in either sputtered or implanted samples. This effect, already noticed for Al doping, is possibly due to an increase in the ZnO lattice damage, however, alloy disorder itself (without radiation damage) can also introduce broadening and shift of Raman modes [40] as has been observed for sol-gel derived ZnO:Mn nanoparticles [46] . As also observed for the ZnO:Al doped samples in the LO phonon range (540-590 cm -1 ), the multi-Lorentzian fit of the Raman spectra reveals a red shift in the implanted samples as compared to the sputtered ones. This can be related to relaxed crystal vibration modes due to the large number of point defects present.
Figure 4. a) Raman spectra of ZnO thin films doped with Mn (1.1 at.%) by cosputtering and by ion implantation. The Raman spectrum of the pure ZnO film is also shown (black curve). b) Raman spectra of ZnO:Mn thin films doped by ion implantation for different Mn contents. c) Raman spectra of ZnO:Mn thin films doped by cosputtering for two different Mn contents.
-ZnO:Mn:Al samples
ZnO samples doped simultaneously with Al and Mn by co-sputtering are transparent but non-conductive (Table 1 , sample #11). On the other hand, when Mn doping is achieved by ion implantation on previously conductive ZnO:Al co-sputtered samples (Table 1, samples #9 and #10), the films remain conductive. Possibly it is just a compensation effect, which is only partial in the latter case.
In Fig 5(a) it can be seen the effect of Mn ion implantation on the Raman spectra of the ZnO:Al(sp). As the Mn concentration increases, the 438 cm -1 ZnO characteristic Raman peak becomes less important indicating that the crystalline quality of the ZnO lattice is deteriorated. This effect is accompanied by a considerable increase of the intensity of the modes located in the 520-580 cm -1 region.
As expected, the 520-530 cm -1 mode is only observed in samples with Mn and increases with the increase of Mn content. In the 550-580 cm -1 range, the usual effect associated with the doping by ion implantation can be seen -the contributions in this region, whose importance increases with the increase in dopant concentration, shift to lower wavenumbers. Nonetheless, even with high levels of doping, the main Raman features of the ZnO lattice persist, which manifests that the films remain poly-crystalline and, concomitantly, conductive. In contrast, whenever the magnetic dopant is co-sputtered simultaneously with the Zn and Al ions, the damage in the ZnO lattice is dramatic, as can be seen from figure 5(b) , and the films become non-conducting. However, as shown in the XRD spectrum in the inset of Fig. 5 b) , ZnO crystallites still are present. 
Mn related Raman mode
It seems clear from the data and the analysis presented above that the Raman signal in the range of 520-530 cm −1 is intrinsically related to the Mn impurity in ZnO lattice. As known, interstitial atoms are weakly linked to the crystal lattice [47] and therefore cannot vibrate at such a high frequency. The formation of a new phase, such as Mn 2 O 3 , has been excluded based on the XRD data. Therefore we are forced to assume that Mn atoms substitute Zn in the cationic sublattice of the ZnO crystal, which is not surprising because in many aspects Mn behaves as a usual Group II doping element [23] .
We are not aware of published microscopic calculations of the lattice dynamics of ZnO:Mn. However, some simple estimates are possible to make using the available calculated results for pure crystalline ZnO [29, 48] and the lattice dynamics theory for imperfect crystals [49, 50] .Assuming that a substituting Mn atom can be modelled as an isotope defect of strength 
where  enumerates branches of the phonon spectrum of the unperturbed crystal, 
which yields a value of ≈ 0.04 in our case. Equation (1) is a simple generalization of the equation derived in Ref. [49] for a Bravais lattice. In fact, it can be extended to nonisotope defects as far as they introduce only a local change of the interatomic force constants (for electronic systems it would mean that the perturbation potential is very short-range and its Fourier transform is nearly independent of the k-vector). Having this in mind, we shall treat  as a fitting parameter.
Equation (1) can be solved by making a simple approximation for the unperturbed densities of states (normalized to unity), e.g. using a Lorentzian function,
where   is the DOS peak frequency,   is a parameter describing the width of the phonon band, and  is a degeneracy factor ( By inspecting the calculated DOS data presented in figure 1 of Ref. [29] , we can distinguish a TO-type phonon band (400-520 cm -1 ) and a narrower LO-type band (520-570 cm -1 ). All other bands can be neglected because they are too far from the interesting frequency range. DOS peaks normally correspond to the Brillouin zone edges where the group velocity vanishes. Taking the values of the phonon frequencies at some high symmetry points [29, 48] , we approximated the DOS by three Lorentzians with notice that the existence of the gap in the phonon DOS is a matter of fact, because the phonon dispersion curves were studied using inelastic neutron scattering and also recalculated in the more recent work by Serrano et al. [48] and their result confirm the existence of the gap, even though its exact position may be slightly different from that presented in the earlier work [29] (unfortunately, the DOS is not presented in Ref. [48] ).
Our simple model shows the possibility that one of the modes produced by Mn atoms . This is close to the frequency of a spectral feature seen in the spectra of sputtered ZnO:Mn samples (see Fig. 4 ) and therefore can be considered as an additional argument in support of the presented model.
The intensity of the experimentally observed feature grows strongly with the increase of Mn content. According to the theory developed in Ref. [50] , at finite concentration of impurity the local mode broadens and develops into a band because of the fluctuating distances between neighboring impurity atoms. The amplitude of the local DOS in the vicinity of l *  increases roughly as the square of the impurity concentration (when the latter is small). This is in qualitative agreement with our experimental observation.
Moreover, if the interaction between Mn atoms in the lattice is short-range, so that it decreases strongly if they are not nearest neighbors in the sublattice, the local DOS can have a double-peak structure (shown in Fig. 5 of Ref. [49] ), which is analogous to the electronic level splitting into two for a pair of identical atoms. This could explain the double-peak structure of the Mn-induced Raman band resolved for higher crystal quality samples [38, 41] .
-Conclusions
A detailed Raman spectroscopy study of ZnO thin films produced by RF-sputtering have been performed, focused on the changes introduced by doping with Al and Mn impurities.
For undoped polycrystalline films, a strong LO-phonon band, not seen in the spectrum of crystalline MBE-grown ZnO layer, has been found. The presence of this band can be understood by the enhancement of the "forbidden" Fröhlich -type scattering (GogolinRashba mechanism and eventually phonon confinement, although the estimated average grain size is perhaps too large to make the latter important). This mode is Raman active because it falls into the gap of the optical phonon density of states of undoped ZnO crystal.
Furthermore, it was shown that is possible to preserve the conductivity of the samples even when both ions were incorporated into the ZnO lattice. Such was achieved using conductive RF-sputtered ZnO:Al films implanted a posteriori with Mn ions. This can be an alternative method for the preparation of conductive and transparent ZnO-based dilute magnetic semiconductors (DMS) films for different applications given that preparing DMS with controlled concentration of free carriers is still a challenge. At present, efforts are being made in order to investigate the magnetic properties of these promising materials.
